In a mutant genotype of Festuca pratensis Huds., net degradation of a number of thylakoid membrane proteins during senescence is impaired. Previous studies have suggested that the highly hydrophobic intrinsic chlorophyll-binding proteins were the definitive subjects of the metabolic lesion. In the present study we find that cytochrome f, as determined by haem-staining, Western blotting, enzyme-linked immunosorbent assay, and immunogold electron microscopy, is also abnormally stable in the mutant. The structural feature common to all the proteins in the mutant so far recognized to be abnormally stable is possession of a tetrapyrrole prosthetic group. It is suggested that degradation of chlorophyll and haem may regulate degradation of the associated apoproteins, and hence has an important role to play in membrane protein turnover and in mobilisation of amino acids during chloroplast disassembly.
In most graminaceous species, each leaf has only a limited life span. During vegetative growth the older leaves at the base tend to senesce as the shoot extends. One of the most striking changes seen in senescing leaves is the appearance of a yellow coloration as Chl is degraded. A mutant of Festuca pratensis exists in which the syndrome of leaf senescence is no longer accompanied by Chl breakdown (25) . The nonyellowing character is associated with a marked structural stability of thylakoids during senescence. The mutant genotype therefore presents a unique opportunity to study the processes responsible for the degradation of chloroplast membranes. Previous investigations have focused on the proteins ofPSII ( 11) . Intrinsic components such as the nuclear-encoded LHCP-22 and the chloroplast-encoded Dl protein were found to be retained by the mutant during senescence of detached leaves. By contrast, PSII proteins extrinsic to the membrane, such as the 33-kD protein of the OEC, were degraded in a normal fashion. The enhanced structural stability of thylakoid membranes was not therefore associated with retention of photosynthetic capacity (10) . The decrease in photosynthetic noncyclic electron transport observed during senescence is also consistent with a selective degradation of the Cyt bjfcomplex (1) .
The present study of membrane disassembly in mutant Bf993 concerns Cyt f which, unlike LHCP-2 and Dl, is believed to be a largely extrinsic membrane component, comprising a single membrane spanning region, with the bulk of the polypeptide chain being located in the thylakoid lumen (17) . Cyt f would be expected, therefore, to be substantially accessible to proteolysis during senescence, just as is the luminally located OEC-33 (11) and, like OEC-33, it ought to be degraded normally during senescence of the mutant. The immunological studies presented in this paper reveal that, on the contrary, Cyt f is significantly less labile in the mutant than in the normal genotype. Possible explanations for Cyt f retention, and implications for the mechanism of thylakoid membrane disassembly during senescence, are discussed.
MATERIALS AND METHODS

Plant Material
Plants of Festuca pratensis cv Rossa (normal) and Bf993 (mutant) were grown in hydroponic culture as described (10) .
Induction of Senescence
The youngest, fully expanded leaves from plants at the four or five leaf stage were excised above the ligule. For most experiments 1 cm leaf segments from the middle portion of each lamina were used. These were surface sterilized with 0.5% (w/v) calcium hypochlorite and washed several times with sterile water. The segments were allowed to senesce on moist filter paper in sterile Petri dishes in the dark at 20°C, with their abaxial surfaces uppermost.
Isolation and Determination of Proteins and Chi
Forty corresponding 0.5 cm segments from each day were pooled. Leaf proteins were separated into soluble and partic-ulate protein fractions by the method described (11) . Particulate protein and pigments were determined after acetone precipitation as described (25) .
SDS-PAGE
Particulate proteins were extracted as described, and prepared for electrophoresis by mixing with 0.25 volumes of 6 M urea containing 30% (v/v) 2-mercaptoethanol. Samples were frozen in liquid N2 and stored at -20°C until analyzed. Electrophoresis (SDS-PAGE) was performed in 12.5% SDSpolyacrylamide gels (160 x 160 x 0.75 mm) as described in (2) . Proteins were stained using Bio-Rad Laboratories Silver Stain Kit, following the manufacturers' recommended protocol, counterstained for 1 h in 0.1 % (w/v) Coomassie blue R-250-25% (v/v) methanol-7.5% (v/v) acetic acid, destained in 25% (v/v) methanol-7.5% (v/v) acetic acid, and finally fixed in 5% (v/v) acetic acid before photography.
Activity staining of gels to visualize cytochromes utilized their peroxidase activities (13) . The gel was scanned at 520 nm in a Helena Laboratories Quick Scan R & D gel densitometer.
Preparation of Anti-Cyt f IgG
Antibodies to Cyt f were raised in rabbits, the antiserum obtained clarified by sodium sulphate precipitation, and IgG isolated by DEAE-cellulose chromatography (3).
Western Blotting
Immunodetection of Cyt fwas carried out as described in (2) . The primary antiserum, rabbit anti-Cyt f was used at a dilution of 1:1000. Peroxidase-conjugated swine anti-rabbit Ig (DAKO, Bucks, UK) was used as the secondary antiserum at a dilution of 1:400.
ELISA Procedure
The measurement of Cytfby ELISA was carried out in 96-well microelisa plates as described (4 
Immunoelectron Microscopy
Material for these studies comprised leaf segments of Rossa and Bf993, either subjected to senescence in the dark for 4 d or freshly harvested. Grids were prepared as previously described (11) . Grids were floated on primary antiserum (rabbit anti-CytfIgG) diluted 1:100 (v/v) in 100 mM Tris (pH 7.4), containing 1% (w/v) BSA, 0.1% (w/v) gelatine, 1.0% (v/v) Tween 20, and 1.25% NaCl, at 15°C for 6 to 15 h. The grids were then washed with a slow stream of distilled water, and blotted dry. They were next floated on secondary antiserum (1:50 dilution of goat anti-rabbit Ig, 15 nm gold particles; Biocell Research Laboratories, Cardiff, UK) for 1 h at room temperature, and washed. Staining was achieved with 2% (w/ v) uranyl acetate for 10 min followed by Reynolds lead citrate solution. Control grids were treated similarly but were floated initially either on 1:100 diluted preimmune rabbit serum or on buffer without serum. Grids were viewed on a model JEM lOOS electron microscope (JEOL, Tokyo, Japan) operated at 80 kV.
The specificity ofimmunostaining was determined by omitting the antibody or using preimmune IgG instead. In control experiments, the number of gold particles was negligible. In immunostained sections, the distribution of gold label was predominantly confined to the chloroplast though some labeling of mitochondria was also observed, possibly due to limited cross-reaction with mitochondrial Cyt.
RESULTS
SDS-PAGE
Previous studies on mutant Bf993 have shown that Rubisco, a major component of the chloroplast stroma, is degraded at essentially identical rates in normal and mutant leaf tissue during senescence (20, 21) . Figure 1 , however, clearly demonstrates that thylakoid-associated Rubisco is stabilized in the mutant during senescence. It has been suggested (16) that the membrane association of Rubisco is closely related to Mg2" concentrations and is pH dependent, the optimal interaction being at pH 8.0. A model whereby the negatively charged Rubisco (pI 5.5) molecules and the negatively charged thylakoid membrane surface were bridged by dicationic Mg2" was also proposed. We suggest that the 'retention' of membrane bound Rubisco by senescent chloroplast of Bf993 is not due to a failure on the part of the mutant to degrade this protein, but is a consequence of the persistence of loosely appressed thylakoids (see electron micrographs) and associ- 
Proteins and Chi
The particulate proteins of Bf993 (largely thylakoidal in origin) were appreciably less labile than those of the normal genotype Rossa, as found previously (23) . Half-time values for breakdown (t½,), determined as described in Thomas et al. (27) Immunoelectron micrographs of chloroplasts from nonsenescent leaves of both genotypes, stained for Cyt f protein, are presented in Figure 4 (panels A and B) . Cyt ftended to be concentrated in the grana end margins of nonsenescent thylakoid membranes. This localization is similar to that observed by other workers (e.g. Melis et al. [15] 
Haem Staining
Particulate proteins from leaf tissue harvested at daily intervals during senescence were fractionated by SDS-PAGE and haem localized by peroxidase staining (13) . Two (Fig. 5a) (14); it is possible that non-Cyt peroxidase activities in thylakoids may function in pigment degradation.
DISCUSSION
Studies of the Festuca pratensis mutant have indicated that the metabolism of thylakoid pigments, proteins, and lipids is closely coordinated and that the genetic lesion might stabilise thylakoids in senescing leaf tissue by impairing the degradation of any one of these three membrane components.
The spatial separation of proteolytic enzymes and their substrates has been suggested as a possible control mechanism for the degradation ofleafproteins. It has often been proposed, most recently by Veierskov and Thimann (29) , that the senescence process in chloroplasts may be controlled by gradual degeneration of the tonoplast, allowing proteinases to enter the cytosol and attack the proteins there and in the plastid. Veierskov and Thimann (29) postulated that thylakoid membranes in Bf993 are abnormally stable because the chloroplast membrane may be resistant to proteinase entry. This interpretation has not been favored by Thomas (24) and does not explain why the extrinsic proteins of the thylakoids and those of the stroma are degraded in a manner comparable to the equivalent proteins of the wild type, whereas it is only the highly hydrophobic intrinsic polypeptides of thylakoid membranes of mutant leaf tissue that are abnormally stable. In our view the concept of chloroplast degradation by invading vacuolar proteinase does not adequately explain the mechanism of chloroplast disassembly during senescence. There is ample evidence (recently reviewed [8] ) that the plastid itself may be equipped with latent proteolytic enzymes responsible for its own destruction. A regulatory mechanism would, however, be required to control the rate of breakdown.
It seems unlikely that failure to activate a specific (possibly thylakoidal) proteolytic activity could be responsible for the nondegradation of thylakoid membranes in Bf993. It is conceivable, however, that access to the substrate is limited and that dissolution, or some form of membrane relaxation, is a prerequisite to bring proteolytic enzymes and their substrates together. Because grana structures are lost and components become randomized during senescence of mutant plastids (1 1), it is difficult to accept that substrate-proteinase interaction might be regulated via the heterogeneous lateral distribution of thylakoid components. An alternative explanation invokes a kind of 'physiological emulsification' process, whereby competition between esterified and free fatty acids for hydrophobic sites on intrinsic proteins leads to an ejection ofproteins from the protected hydrophobic domains that they normally occupy, making them susceptible to proteinase attack (22) . A failure on the part of the mutant to detach pigment-protein complexes from the lipid environment of the thylakoid membranes might explain their increased stability. Yellowing and nonyellowing genotypes have been shown to be equally competent with regard to degradation of galactolipid, however, because levels of the major chloroplast lipids, MGDG and DGDG, clearly decline during dark incubation of both normal and mutant leaves. Moreover, the mutant is not incompetent with regard to enzymic peroxidation of linolenic acid since in presenescent and senescent leaves the activities of lipoxygenase are very similar in both genotypes (5) . Although there is a slower loss of galactolipids in Bf993, the rapid metabolism of released fatty acids, possibly via the operation of a glyoxylic acid cycle similar to that operating in glyoxysomes, as suggested by Gut and Matile (9) for senescent barley leaves, means that there is unlikely to be a large enough difference in pool size to account for the genotypic difference. It has been postulated that, in many cases, tissue senescence is a consequence of cumulative membrane deterioration due to an increasing level of lipid peroxidation and free radicals. There is no evidence that the nonyellowing mutant is abnormally resistant to free radical attack, or incompetent to generate free radicals during senescence (28) .
The most significant feature of all the proteins so far found to be retained is the possession of an associated tetrapyrrole prosthetic group (haem, Chl). Turnover of porphyrins and their associated apoproteins is apparently highly correlated (6, 18) . A lesion in the Chl/haem catabolic pathway might, therefore, account for the abnormal behavior of LHCP-2, Cyt f and other proteins in this group during senescence ofmutant tissue. Recently, details of the catabolic pathway for Chl in senescing leaf tissue have been described (14) . The first step is dephytylation to give chlorophyllides and phaeophorbides. The intact tetrapyrrole ring system of chlorophyllide has been shown to be still associated with LHCP-2 (26) . An ATP dependent opening of the macrocycle follows (M Schellenberg, Ph Matile, H Thomas, unpublished data). The nongreen ultimate catabolites of Chl are absent from senescent leaves of Bf993 (14) . The pattern of accumulation of intermediates in the degradative sequence points strongly to the ring-opening reaction as the site of the metabolic lesion in the nonyellowing mutant (26) .
As presently envisaged, the early steps in this pathway are confined to, and utilize substrates originating exclusively in, the plastid; the tetrapyrrole groups of other chromoproteins such as phytochrome, peroxidases, and the microsomal and mitochondrial Cyt are likely to be catabolized by a separate extraplastidic reaction scheme. So far there is no evidence that the haem degradation of thylakoid Cyt shares the Chl degradation pathway; nevertheless, an inability on the part of the mutant to catabolise tetrapyrroles, rather than an impaired capacity to degrade the complementary proteins, is a plausible explanation for the retention of porphyrin-proteins during senescence. It may be significant in this connection that haemoglobin is less susceptible to proteolysis than is globin stripped of its prosthetic group (12) , and that haemin is a potent inhibitor of ubiquitin-mediated proteolysis in plants (30) . An interesting feature ofthe results presented here, taken with those of previous publications (4, 11, 25) 
CONCLUSIONS
It is proposed that the retention of chloroplast thylakoid membranes during senescence of leaves of Bf993 is a direct consequence of an inability of this genotype to catabolise chloroplastic porphyrins, resulting in a selective preservation of the associated apoproteins (LHCP-2, Dl, Cytf etc). Since breakdown of proteins localised in chloroplasts of senescent leaves is an important source of nitrogen, the recycling of which is an integral part of growth, catabolism of porphyrins in order to release their associated apoproteins (which represent a substantial fraction of total thylakoid proteins) must therefore be considered to be a significant regulatory factor in plant nutrition and development.
